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Abstract 
This paper indicated a theoretical model for describing the effects of the interface recombination on the 
heterojunction solar cell parameters based on single wall carbon nanotube and GaAs as p-n junction. By choosing 
the zigzag nanotube and GaAs layer, it is shown that by increasing the interface recombination, short circuit current 
and open circuit voltage decrease. Depletion current, J-V characteristic and ideality factor variation in terms of 
interface recombination have been calculated. 
 
© 2010 Published by Elsevier Ltd. 
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1.  Introduction 
Carbon nanotubes (CNTs) have appropriate properties that make them good alternative for building modern 
optoelectronic devices such as high electron mobility transistors (HEMT), field effect transistors (FET), p-n junction 
diodes and solar cells (SCs) [1], [2]. The nanotubes can play the role of a heterojunction component for charge 
separation, high conductive network for charge transport and, transparent electrode for light illumination and charge 
collection [3], [4]. It is shown that the recombination at the interface is a significant loss current across the interface, 
thus reduces the photocurrent in the heterojunction solar cells [5]. 
This paper indicated a model which presents the effects of interface recombination in the three-dimensional (3D) 
heterojunction SC based on SWCNT and GaAs. The structure of this solar cell is shown in the Fig.1(left). Proposed 
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cell structure had 3D form which leads to light trapping and reduced reflection from the cell. The longer path lengths 
through the absorber lead to more absorption and can achieve high efficiency in comparison with common SC 
structure. In this structure, GaAs is selected because of its good electronic properties and the different properties of 
both GaAs (e.g. diffusion length) and SWCNT (e.g. high mobility) are brought together to construct efficient SC. 
The model is presented in the following section and the results of this model are investigated. 
2.  Model Description 
We begin with two separate materials, zigzag SWCNT as the p-type and GaAs as the n-type layer of the 
heterojunction solar cell, considering the equilibrium conditions as soon as junction is formed between them. Band 
diagram of this SC is shown in Fig.1(right).  
             
Fig.1: (Left) structure of SWCNT\GaAs heterojunction solar cell, (Right) Energy band diagram of the 
SWCNT\GaAs, 
In this model we assumed that the density of interface states are near the junction and voltage independent, thus 
light illumination changes the quasi Fermi levels in the junction that increases the density of charged interface states 
and result in a higher recombination current. It is shown that the interface states are acceptor-like and electrically 
neutral when unoccupied (by an electron) and negative when occupied [6]. Fig.1(right) shows a band diagram of the 
system once a junction is formed between the SWCNT\GaAs, except that İ1 İ2. So the electric field is not 
continuous at the junction interface and depletion region width (W) is not equal in the layers. Gauss’s Law states 
that the displacement field D = İE (E is the electric field) should be continuous at the interface; so, it can be written 
as  
,2211 EqNE ir HH         (1) 
where İ1, İ2, E1, E2, q and Nir are relative dielectric constants of the GaAs, relative dielectric constant of the 
SWCNT, electrical field in the GaAs, electrical filed in the SWCNT, electron charge and density of charged 
interface states, respectively. Solving the Poisson equation for this system yields the following expressions, 
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The subscripts 1 and 2 relate to the GaAs and SWCNT layers. Vd1, Vd2, Nd, Na, Nd and İ0 are individual built-in 
diffusion voltage in the n-side, individual built-in diffusion voltage in the p-side, donor concentration, acceptor 
concentration and dielectric constant of free space, respectively. Wn and Wp are depletion layer width in the GaAs 
and the depletion layer width in SWCNT layers. Charge neutrality condition of the junction implies 
.pairnd WNNWN        (4) 
The general current-voltage equation (without series and shunt resistance) of a diode defined as, 
).1)(exp(0  nkT
qVJJ
      (5) 
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where J0, n, k, T and V are saturation current, diode ideality factor, Boltzmann constant, temperature and component 
of the externally applied voltage, respectively. In the proposed SC structure we assumed that interface 
recombination behaves acceptor-like; so, hole recombination is dominated diode current in this SC. In this 
condition, Rothwarf [7] showed that the general current-voltage equation can be written as 
).1))(exp(exp( 22  
nkT
qV
nkT
qVSqNJ dIa
    (6) 
where SI is hole recombination velocity at the interface which equals to th p irv NV , where vth and ıp are thermal 
velocity and hole capture cross-section, respectively. The diode ideality factor can be written as
.
)(
11 2
1
2
2
2
1
2
21
pad
pair
d
d
d
dd
WNN
WNN
V
V
V
VVn H
H    
   (7) 
and the short-circuit current density (Jsc) can be written as 
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where JL0 and 2 are light-generated current density and mobility of holes at the p-region, respectively. Using the 
Eq. (2), (3) and (6)-(8), current-voltage equation of the proposed solar cell can be obtained. Using the following 
equations we can calculate the n, Voc, Jsc, J0 and the current-voltage characteristics in terms of Nir. 
3.  Results and Discussion 
Physical constants which used in the calculation have been shown in Table 1.  
Table 1. Used physical constant in the calculations. 
 
Reference Physical Constant 
8 12.9 relative dielectric constants of the GaAs 
9 9 relative dielectric constants of the SWCNT 
- 1.2×1017 cm-3 donor concentration 
- 4×1017 cm-3 acceptor concentration 
- 5×105 cm/s Thermal velocity 
9 0.9 eV SWCNT bandgap 
8 1.42 eV GaAs bandgap 
9 5×10-17 cm2 Hole capture cross section ıp 
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Fig.2: (Left) Variation of the ideality factor (n) and the saturation current density (J0) in terms of the interface state 
density Nir. (Right) Dependence of the short circuit current (Jsc) and open ciscuit voltage (Voc) on the interface state 
density Nir. 
Our calculations shown that by increasing the Nir, the ideality factor of SC increases and this increasement is as 
same as the exponential function that is shown in Fig.2(left). Furthermore, it is shown that J0 increasing logarithmic 
by increasing the Nir. At the higher interface recombination density, recombination current is dominated the SC 
photogenerated current and so, SC ideality factor and J0 increasing rapidly which result in power energy conversion 
reduction. Fig.2(right) shows the variation of Jsc and Voc in terms of the Nir. In the lower value of the Nir, 
recombination current has minimum value and also Jsc and Voc have the maximum values.  By increasing the Nir 
from 6×1010 cm-2 to 3×1011 cm-2, Jsc decreases from 22 mA/ cm2 to 19 mA/ cm2 and Voc decreases from 0.9 V to 0.15 
V. Fig.3 shows the calculated J-V characteristics in different ideality factor which corresponding to different Nir. 
Our calculation demonstrated that by increasing the Nir, the efficiency of the cell will be reduced due to the 
increasement of the recombination current. Increasing the Nir allows the interface states to be more efficient for 
recombination of the carriers which reduces the photogenerated current in the SC.  
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Fig.3: Calculated J-V characteristics for different values of interface state density using Eq. 6. 
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4.  Conclusion 
In this paper we presented a new model for investigation of interface recombination effects on SWCNT\GaAs 
heterojunction solar cell operation. We also demonstrated that Jsc and Voc are depended to iterface recombination 
and with optimization of this recombination. The best conversion efficiency for solar cells can be achieved.
 
References 
 
[1] HenkW. Ch. Postma, Tijs Teepen, Zhen Yao, Milena Grifoni, Cees Dekker: Science,  vol. 293, pp. 76-80,2001. 
[2] T. Durkop, S.A. Getty, E. Cobas, M.S. Fuhrer: Nano Lett., vol. 4 , pp. 35-39,2004. 
[3] S. Gunes, H. Neugebauer, N. S. Sariciftci: Chem. Rev. vol. 107, pp. 1324-1338,2007. 
[4] J. Geng, T. Zeng: J. Am. Chem. Soc. , vol. 128, pp. 16827-16833,2006. 
[5] Stephen J. Fonash, Solar Cell Device Physics, second edition, Academic Press, USA, 2010. 
[6] M. Saad, A.Kassis: Solar Energy Materials & Solar Cells, vol. 79, pp. 507–517,2003. 
[7] A. Rothwarf, A.M. Barnett: IEEE Trans. Electron Devices ED-24 , pp. 381-387,1977. 
[8] S. M. Sze, Physics of Semiconductor Devices, 2nd edition, (New York, John Wiley Sons, 2005). 
[9] Franois Lonard in: The Physics of Carbon Nanotube Devices, (William Andrew Inc., USA, 2009). 
 
